An R120G missense mutation in the small heat shock protein ␣-B-crystallin (CryAB R120G ) causes desmin-related cardiomyopathy (DRM). DRM is characterized by the formation of aggregates containing CryAB and desmin, and it can be recapitulated in transgenic mice by cardiac-specific expression of the mutant protein. In this article, we show that expression of CryAB R120G leads to the formation of electron-dense bodies characteristic of the DRMs and identify these bodies as aggresomes, which are characteristic of the neurodegenerative diseases. Cardiomyocytes transfected with adenovirus containing CryAB R120G establish the necessity and sufficiency of CryAB R120G expression for aggresome formation. The commonality of these aggresomes with oligomeric protein aggregates found in the amyloid-related degenerative diseases was corroborated by the presence of high levels of amyloid oligomers that may represent a primary toxic species in the amyloid diseases. These oligomeric amyloid intermediates are present also in cardiomyocytes derived from many human dilated and hypertrophic cardiomyopathies.
H
uman heart failure is the leading cause of death in the developed world, and it represents a final common endpoint for several disease entities, including hypertension, coronary artery disease, and the cardiomyopathies (1, 2) . A lack of pathogenic commonality is underscored by the large number of mutations in different classes of cardiac proteins that have been linked to dilated and hypertrophic cardiomyopathy (HCM) (3) . Mutations in the cytoskeletal and associated proteins can be causative because these proteins function in structural, sensor, and signaling roles in the normal and diseased cardiomyocyte (4) . For example, up-regulation of the intermediate filament protein desmin occurs in cardiac disorders such as cardiac hypertrophy and congestive heart failure (CHF) (5) , and desmin mutations are associated with desmin-related cardiomyopathy (DRM) and idiopathic dilated cardiomyopathy (6, 7) . Mutations in other proteins also have been associated with the DRMs, and genetic evidence linking an R120G mutation in ␣-B-crystallin (CryAB, CryAB R120G ) to human DRM (8) prompted a series of experiments in which we showed that cardiac-restricted transgenic (TG) expression of CryAB R120G was sufficient to cause heart failure in a mouse model (9) . Although up-regulation of CryAB is associated with disease states including DRM, its synthesis probably represents a general cellular response to stress because CryAB has chaperone-like activity. Indeed, CryAB, which binds to both desmin and cytoplasmic actin, probably participates normally as a chaperone in intermediate filament formation and maintenance in the heart.
The ␣-crystallins (␣-A and ␣-B) were of interest initially as major structural proteins present in the lens of the vertebrate eye. However, the discovery that they were related to the small heat shock proteins (hsps) in Drosophila (10) prompted reevaluation of their broader role(s), and it is now known that CryAB belongs to the small hsp family (11) , which includes hsp20, hsp22, hspB2, B3, hsp25, hsp27, and the myotonic dystrophy kinasebinding protein. Although it was discovered and classified as a lens protein originally (12) , CryAB is found also in nonlenticular cell types, with cardiac and skeletal muscles containing the highest CryAB levels among the nonlenticular tissues (13) . CryAB binds both desmin and cytoplasmic actin, and it possesses molecular chaperone function in vitro (14) (15) (16) . In vivo, CryAB exists as oligomers, with recent mass spectrometry data indicating that the predominant species is a 28-subunit oligomer (17) . Like other chaperones, CryAB responds to stressful conditions by binding to unfolded proteins and preventing their denaturation and aggregation.
We hypothesized that the basis of the cardiomyopathic pathology caused by expression of CryAB R120G is, at least partially, in the altered interactions of the protein with its partners and subsequent formation of the electron-dense bodies. In this article, we show that CryAB R120G expression results in the formation of aggregates that are characteristic of DRM. These bodies are cardiomyocyte-based, and they are indistinguishable from aggresomes. As is the case for aggresome formation in the amyloidoses, development of the large electron-dense bodies found in later stages of CryAB R120G DRM depends on microtubule-based transport. The data also show that the aggresomes present in diseased hearts contain an amyloid oligomer that may represent a primary toxic species in Alzheimer's disease and other amyloid-based degenerative diseases. Finally, we link the animal models to human disease by showing that these soluble amyloids are present in human dilated cardiomyopathy and HCM and that they are associated with the contractile apparatus. The data point to a pathogenic process for cardiovascular disease and provide a link to the degenerative amyloidoses.
Materials and Methods TG Mice. Male FVB͞N mice with cardiac-specific overexpression of normal CryAB (wild type) or CryAB containing the R120G missense mutation (CryAB R120G ), driven by the ␣-myosin heavychain promoter, have been described (9) . TG mice were identified by PCR analysis of genomic DNA isolated from tail clips.
Cardiomyocyte Cultures and Adenovirus Infection. After isolation of the rat neonatal cardiomyocytes, cells were grown in two-wellchambered Permanox slides (Nalge) coated with either gelatin or Pronectin-F (BioSource International, Camarillo, CA). Replication-deficient recombinant adenoviruses were made by using the AdEasy system (18) . The cells were normally transfected at an multiplicity of infection of 10. To distinguish the TG products from endogenous CryAB protein, a Flag epitope was introduced at the N termini of both the wild-type CryAB and CryAB R120G cDNAs. The filter assay was performed essentially as described (19) . Lysate from the transfected cells was centrifuged at 12,000 ϫ g for 10 min, and the resultant pellet was diluted into 0.2 ml of 2% SDS and filtered through a 0.2-m nitrocellulose membrane. The aggregate on the membrane was detected with anti-CryAB.
Immunohistochemistry. Immunohistochemical analyses were performed as described (9) . All cell culture media were obtained from Life Technologies (Rockville, MD), unless indicated otherwise. Alexa 488-conjugated anti-rabbit and Alexa 568-conjugated anti-mouse antibodies, phalloidin-Alexa 594, and To-Pro-3 for nuclear staining were obtained from Molecular Probes. Anti-CryAB antibody (SPA-223) and anti-HSP25 (SPA-801) were obtained from Stressgen Biotechnologies (Victoria, Canada), anti-Flag was obtained from Stratagene, and SEC61␣ (G-20) and ubiquitin (P4D1) were obtained from Santa Cruz Biotechnology. Anti-cTnI antibody (MAB1691) was obtained from Chemicon, and antitubulin (ATN02) antibody was obtained from Cytoskeleton (Denver).
Results
The Electron-Dense Bodies in CryAB R120G -DRM Are Aggresomes. In the TG animals, the perinuclear location of the aggregates, as well as their appearance and association with disease, were reminiscent of a class of pathologies recognized as conformational diseases that are associated with protein misfolding and subsequent aggregation (20) . Sequestration of the misfolded proteins is characteristic of this disease class, and it is a dynamic process with a well defined time course. The aggregates, which are transported retrogradely on the microtubules and accumulate in the perinuclear region, have been termed aggresomes (21, 22) . Aggresomes have been detected in many diseases, including aging-related neurodegeneration and systemic amyloidosis (22, 23) . To explore the hypothesis that the electron-dense bodies present in the DRMs are indistinguishable from and can be defined as aggresomes, we developed a cell culture-based assay system in which CryAB aggregate formation could be studied in detail. Adenovirus vectors containing either CryAB or CryAB R120G cDNAs were used to express the respective proteins in neonatal rat cardiomyocytes (Fig. 1) . In contrast to the CryAB transfected cardiomyocytes, cells that had been transfected with CryAB R120G showed significant perinuclear aggregates (Fig. 1a) .
Early aggresome formation is characterized by the presence of protoaggresomes that are distributed throughout the cytoplasm. These bodies are then transported to a perinuclear location by means of attachment as cargo to the dynein motor, which uses retrograde transport along the microtubule system (20) . Aggregate formation in the CryAB R120G -transfected myocytes was determined at 3, 7, and 11 days after transfection (Fig. 1b) . In the CryAB-transfected myocytes, CryAB was relatively unorganized, and it appeared in a diffuse pattern throughout the cytoplasm and could be removed easily by mild treatment with Triton X-100. In the CryAB R120G -transfected myocytes after 3 days, even after detergent treatment, CryAB R120G was organized in small, intensely staining bodies, which at 3-11 days coalesced gradually into characteristic aggresome-like bodies, which were invariably perinuclear (Fig. 1b) .
To determine whether formation of these bodies was microtubule-dependent, the microtubule-depolymerizing agent nocodazole was added to myocytes 3 days after transfection with either CryAB or CryAB R120G (Fig. 1c) . Microtubule depolymerization abrogated the formation of the perinuclear aggresomes. As expected, the drug did not prevent or reverse the formation of the protoaggresomes but, rather, prevented their subsequent perinuclear coalescence. Consistent with the requirements for aggresome formation, perinuclear aggregate formation in the cardiomyocytes depends on microtubule transport.
Aggresomes invariably recruit cytoplasmic components including chaperones and elements of the ubiquitin and proteasome pathways, presumably to aid in the clearance of the aggregated proteins (20) . Consistent with the general composition of aggresomes in other cell types, the CryAB R120G bodies in the transfected cardiomyocytes contained hsp25, ubiquitin, ␤-tubulin, and SEC61␣, a membrane protein that is essential for protein translocation into endoplasmic reticulum cisternae (Fig.  2) . The same immunostaining patterns were observed in sections derived from CryAB R120G TG mice (data not shown), and they are consistent with the aggresome composition found in some degenerative diseases (21, 24, 25) . The Aggresomal Bodies in Cardiomyocytes Are Amyloidphilic. In an attempt to define further the relationship of these electron-dense bodies to the amyloid-based degenerative diseases, we tested their ability to react positively to the amyloidphilic dye Congo red (26, 27) . Congo red-positive inclusions were abundant in CryAB R120G -transfected cardiomyocytes and were undetectable in cells that were transfected with either empty adenovirus or with CryAB adenovirus (Fig. 3 a and b) . Similar to the perinuclear location of the aggresomes in CryAB R120G -transfected cardiomyocytes, Congo red staining was restricted largely to the perinuclear region. There are conflicting data with respect to the ability of Congo red to interfere with or enhance amyloid fibril formation, but a recent study (28) showed that although low concentrations led to enhanced fibril formation, high concentrations inhibited the process effectively. Continuous treatment of the cells with high concentrations of the dye prevented aggresome formation effectively, and no Congo red-positive bodies could be observed in the cells (Fig. 3 c and d) . We established a biochemically based method for aggresome quantitation (see Materials and Methods) and quantitated the amount of aggregated protein present by filtration through nitrocellulose. The filter-based assay confirmed the effectiveness of Congo red inhibition of aggresome formation (Fig. 3 e and f ) .
Amyloid Oligomers Are Present in CryAB R120G Cardiomyocytes and in
Human Heart Failure. The mechanisms underlying the toxicity of protein aggregates and amyloids are unclear. There is intense debate about what constitutes the pathogenic species and whether the mature fibrillar deposits or some other intermediate entity is responsible for the onset of pathogenesis (29) . In at least some cases, it appears that toxicity lies not in the formation of the insoluble aggregates or fibrils but rather in soluble oligomeric intermediates (30, 31) . By using an antibody that specifically recognizes a conformation-dependent epitope that is common to all types of soluble amyloid oligomers regardless of sequence (30), we probed for the presence of these structures in the CryAB R120G mouse hearts. Immunoreactivity was abundant, distributed throughout the heart, and restricted to the diseased cardiomyocytes (Fig. 4a) . Samples from two human hearts with no overt signs of cardiovascular disease showed little or no immunoreactivity with the antibody (Fig. 4b) . However, samples from hearts with either HCM (Fig. 4c) or dilated cardiomyopathy (Fig. 4d ) had abundant staining with decoration of the sarcomeres being sometimes apparent (Fig. 4e) . Multiple samples from an additional three normal hearts and nine hearts from patients suffering from cardiovascular disease were tested subsequently to determine whether the cardiomyocyte-based soluble amyloid oligomers were widespread (Fig. 5) . Although reactivity differed among the samples, the ventricular cardiomyocytes in all of the diseased hearts showed significant immunoreactivity to the amyloid oligomer antibody.
Discussion
The DRMs are characterized by the formation of electron-dense bodies containing the intermediate filament, desmin (8, 32) . Although desmin-positive aggregates are a common feature in DRM (33) , the CryAB R120G -induced aggregates consist mainly of proteins that are found within aggresomes and show only minor immunoreactivity against an anti-desmin antibody (data not shown). Failure of CryAB R120G to assist in intermediate filament organization is, therefore, unlikely to be the primary stimulus for aggregate formation in cardiomyocytes or other cell types (34) . The R120G mutation is dominant negative (8, 9) and shows decreased ␤-sheet secondary structure of CryAB and an altered aromatic residue environment, resulting in defective chaperone activity (35) . It is unlikely that a simple loss of function of chaperone activity is the major underlying pathogenic stimulus because the cardiac phenotype of the CryAB knockout is relatively benign (36) . If the simple loss of CryAB chaperone function were the sole determinant for a developing cardiomyopathy, the absence of the protein would result in significant cardiovascular disease. We have examined the hearts of the CryAB null mice, and although there are some abnormalities that can be observed with light microscopy, there is no evidence of the electron-dense aggregates (R. Klevitsky and J.R., unpublished data).
CryAB R120G protein shows impaired chaperone activity and abnormal supramolecular structure (34) . Although these data are consistent with the hypothesis that CryAB R120G is directly amyloidogenic, they do not prove it, and the causative mechanisms remain obscure because the protein can interact with many partners. For example, CryAB can interact directly with elements of the proteasome, causing pleiotropic effects on directed protein degradation. CryAB R120G shows enhanced binding to the protein FBX4, an F box protein that is an integral part of the ubiquitin protein isopeptide ligase complex Skp-Cullin-F box (SCF), and the mutated protein recruits this component effectively to an insoluble cellular fraction, with a subsequent effect on ubiquitination patterns (37) . CryAB can also bind to actin (16) as well as titin (38) , and the protein has been detected at the M-line, which is consistent with its interaction with myomesin-2 (39) . By using the hsp20 domain as bait in yeast two-hybrid screens, we have isolated titin, TnI, myomesin, and myosin-binding protein C, and analyses in which the R120G-hsp20 domain was compared with the wild-type sequence showed that the mutant fragment displayed higher affinity for a subset of the sarcomeric proteins, as evidenced by an increased rate of growth for the transformed yeast colonies under highly selective conditions (A.S. and J.R., unpublished data). Thus, the CryAB R120G protein retains the ability to interact with the contractile proteins, and, similar to the situation for FBX4, this interaction is enhanced relative to the normal affinity of the protein.
The stronger binding may provide a partial explanation for the pathogenicity of the mutant relative to the CryAB null mice, and a reasonable working hypothesis is that CryAB R120G , which is defective for chaperone activity, binds tightly to the nascent contractile protein(s), preventing correct folding and insertion into a productive sarcomere. The presence of contractile protein fragments within the aggregates suggests that mutant CryAB binding may disturb contractile protein function directly, rendering the muscle particularly sensitive to the actions of CryAB R120G . Thus, the pathogenesis of this mutation cannot be ascribed to a simple loss or gain of function, but it probably reflects a synergistic combination of both.
In general, pathological protein aggregates tend to be insoluble and metabolically stable under physiological conditions, and their accumulation is linked to cellular degeneration and organ failure (22) . Cells have an active system that involves the sequestration of aggregated proteins into inclusion bodies, which are termed aggresomes (20) . The protoaggresomes are first detectable at various sites in the cytoplasm. However, they rapidly accrete around the microtubule organizing center adjacent to the nucleus (20) . This process is active, and it involves binding of the protoaggresomes to dynein motors and their subsequent retrograde transport along the microtubule network (23) . Although composition can vary, the aggresomes are common cytopathological features in neurodegenerative, protein aggregation-related pathologies, and they usually contain components of the proteasome, molecular chaperones, ubiquitin conjugates, and intermediate filament proteins (23) . Our data are consistent with the electron-dense bodies (known to be a hallmark of the DRMs) being classified as aggresomes, and a recent study (34) in which CryAB R120G was found in aggresomelike aggregates by using transfections into a nonmuscle cell line is also consistent with the involvement of the mutant CryAB in aggresome formation. Thus, we propose that CryAB R120G is responsible for aggresome formation in the cardiomyocyte and the CryAB-linked DRM is a subclass of the aggresomal diseases.
Amyloidoses are well characterized in many tissues, including the heart, and they are generally thought of as a heterogeneous syndrome characterized by extracellular proteinaceous fibrils that can form insoluble deposits (40, 41) . These deposits, which now are known to include intracellular aggregates or inclusions as well, can be stained with the amyloidphilic dyes such as Congo red, and many of the misfolded proteins responsible for or present in the aggregates are known (42) . Both hereditary and nonhereditary forms of systemic amyloidoses have been identified and can have diverse effects on cardiac function, resulting in dilative cardiomyopathy, restrictive cardiomyopathy, or diastolic dysfunction (43) (44) (45) (46) . Accumulation and aggregation of misfolded proteins is a hallmark of the amyloidoses, which include Alzheimer's disease (47), Huntington's disease (48), Parkinson's disease (25) , and the spongiform encephalopathies (49) . In many cases, the proteinaceous aggregates form as a consequence of mutation, modification, or other alteration in the primary structure of the causative protein(s), disturbing the tertiary structure or posttranslational assembly into oligomers (22, 29) . Accumulating data suggest that the fibrillar deposits may not be the primary toxic agent but rather that the inherent pathogenicity resides in soluble oligomers that represent intermediates in the fiber formation pathway (30, 31) . These soluble oligomers can be formed from many different sequences, but they exhibit a common conformation-dependent structure. The presence of these prefibrillar intermediates can be detected by the oligomer-specific antibody (30) . Our data show that the antibody intensely stains the aggresomes in CryAB R120G cardiomyocytes and reacts with cardiomyocytes derived from human heart-failure patients while showing little or no reactivity with samples derived from normal hearts, demonstrating that the cardiomyocytes from diverse cardiomyopathies contain structurally related amyloid oligomers.
The presence in heart-failure patients of protein that is related to the soluble oligomers formed by various amyloidogenic proteins is intriguing, and it implies that there may be common pathogenic mechanisms between at least a subset of the degenerative amyloidoses and cardiomyopathic diseases. In the narrow sense, our data support a rethinking of the DRMs as primarily desmin-based cardiomyopathies. More generally, the abundant cardiomyocyte-based staining in heart-failure patient samples, as well as the efficacy of Congo red in preventing the formation of the aggresomes, points to the potential commonalities that may exist. A rich literature that is broadly based on neurodegenerative processes exists with respect to protein misfolding, aggresomes, and the amyloidosis. We believe that these extensive data could be applied productively to many various cardiovascular pathologies.
